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Summary
Prompt neutrophil arrival is critical for host defense immedi-
ately after injury [1–3]. Following wounding, a hydrogen
peroxide (H2O2) burst generated in injured tissues is the
earliest known leukocyte chemoattractant [4]. Generating
this tissue-scale H2O2 gradient uses dual oxidase [4] and
neutrophils sense H2O2 by a mechanism involving the LYN
Src-family kinase [5], but themolecularmechanisms respon-
sible for H2O2 clearance are unknown [6]. Neutrophils carry
abundant amounts of myeloperoxidase, an enzyme cata-
lyzing an H2O2-consuming reaction [7, 8]. We hypothesized
that this neutrophil-delivered myeloperoxidase down-
regulates the high tissue H2O2 concentrations that follow
wounding. This was tested in zebrafish using simultaneous
fluorophore-based imaging of H2O2 concentrations and
leukocytes [4, 9–11] and a new neutrophil-replete but myelo-
peroxidase-deficient mutant (durif). Leukocyte-depleted
zebrafish had an abnormally sustained wound H2O2 burst,
indicating that leukocytes themselves were required for
H2O2 downregulation. Myeloperoxidase-deficient zebrafish
also had abnormally sustained high wound H2O2 concentra-
tions despite similar numbers of arriving neutrophils. A local
H2O2/myeloperoxidase interaction within wound-recruited
neutrophils was demonstrated. These data demonstrate*Correspondence: graham.lieschke@monash.eduthat leukocyte-delivered myeloperoxidase cell-autono-
mously downregulates tissue-generated wound H2O2
gradients in vivo, defining a new requirement for myeloper-
oxidase during inflammation. Durif provides a new animal
model of myeloperoxidase deficiency closely phenocopying
the prevalent human disorder [7, 12, 13], offering unique
possibilities for investigating its clinical consequences.
Results and Discussion
Leukocytes Are Required for the Initial Decrease
in Wound H2O2 Levels
Concurrence of leukocyte arrival and the ensuing initial decline
in wound H2O2 concentration ([H2O2]) was previously
observed [4], but a causal relationship was not investigated.
To determine whether this was coincidental or causally
related, we monitored [H2O2] dynamics in leukocyte-depleted,
wounded zebrafish embryos using HyPer, a highly-selective,
genetically-encoded, H2O2-sensitive fluorophore [4, 9].
Wild-type (WT) and leukocyte-depleted spi1/csf3r morphant
embryos had similar acute increases in wound margin
[H2O2], indicating that initial H2O2 production is not leuko-
cyte-dependent (Figure 1A). In WT embryos, [H2O2] peaked
at 28 6 4 min after wounding and then declined, whereas in
leukocyte-depleted embryos, the wound margin [H2O2] was
sustained at near-peak levels forR 90min (Figure 1A). Further-
more, theWTH2O2 response was limited to the wound vicinity,
but in leukocyte-depleted embryos, [H2O2] also progressively
increased in the trunk distant to the wound (Figure 1B). These
differences were not artifacts of morphants, because they
were replicated in the mutant cloche, which has a genetic-
based deficiency of all hematopoietic cell types including
leukocytes [14] (Figure 1B; see Movie S1 available online).
Overall, [H2O2] profiles were statistically significantly different
between each of these leukocyte-depleted scenarios and
WT (Figure 1A, ii–iii). Hence, leukocytes are required for
a normal decline of wound margin [H2O2] after the initial burst
of H2O2 production.
We hypothesized that neutrophil-delivered myeloperoxi-
dase is the leukocyte-delivered negative regulator of wound
margin [H2O2]. To test this, we used a new myeloperoxidase-
deficient zebrafish mutant, durif (drf).
durif, a myeloperoxidase-Deficient Zebrafish Mutant
drf resulted from the Melbourne Myeloid screen [15], which
collected mutants with recessive myeloid development
defects based on loss of expression of several genes including
myeloperoxidase (mpx), the zebrafish ortholog of mammalian
Myeloperoxidase (Mpo) [8]. drf was recovered as an adult
homozygous viable mutant that was neutrophil-replete, but
its neutrophils lacked mpx transcripts (e.g., by in situ hybrid-
ization, Figure 2A) and lacked Mpx enzymatic activity by two
different Mpx-dependent histochemical stains (Figures 2B
and 2C). drf did not lack any hematopoietic cell type and re-
tained expression of major hematopoietic lineage specifica-
tion genes (tal1/scl, spi1/pu.1, gata1, ikzf1/ikaros, Figures
S1A–S1L). In particular, drf embryos had normal numbers of
myeloid cells, evidenced by normal expression of other genes
Figure 1. Leukocytes Are Required for the Initial Decline in Wound Margin
H2O2 Concentrations
(A) (i) Mean HyPer ratios reflecting the wound zone [H2O2] profile of WT
(injured and uninjured), cloche mutant (clo) and spi1/csf3r morphant
embryos. Note the significantly sustained, elevated HyPer ratio/[H2O2] in
leukocyte-deficient clo and spi1/csf3r morphants. Insets (ii, iii) show the
individual median HyPer data and p values (natural permutation test). The
n values are as follows (embryos/independent days/scans): injured WT,
5/2/4; spi1/csf3r morphants, 4/2/3; clo 6/3/5; uninjured WT, 5/1/5.
(B) HyPer heat maps depicting [H2O2] across the wounded tail fin at five
sequential time points. Accompanying overlaid transmission (Trans) and
DsRED2 images demonstrate number and position of Tg(lyz:DsRED2)
neutrophils. Note the single DsRED2-positive cell in the spi1/csf3rmorphant
(black arrow head). clo did not carry the lyz:DsRED2 transgene. Scale bar
(applies to all panels) represents 200 mm. Heat map legend applies to all
figures. The stills are from Movie S1.
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1819expressed in myeloid cells (lcp1, ncf1) (Figures S1M–S1P)
and normal numbers of cells expressing the Tg(lyz:DsRED2)
neutrophil-specific transgene (Figures S2Q and S2R). Adult
drf kidney marrow contained neutrophils of normal mor-
phology and ultrastructure, but which lacked Mpx enzymatic
activity (Figures 2D and 2E).
Thedrfmutationwas positioned on chromosome 10 close to
SSLP-z8146, placing it near thempx locus. Normal expression
of the Tg(mpx:EGFP) transgene, which incorporates >130 kb
of BAC-derivedmpx upstream sequences [11] in drf embryos,
without rescue of Mpx function detected by Sudan Black
staining (data not shown), confirmed that drf functioned as
a cis-acting mpx mutation (Figure 2F).Further mapping positioned drf < 0.08 cM from RFLP-356k,
located w1.5 kb 30 of the mpx gene (Figure 2G). Sequence
comparisons between WT and drf genomic DNAs and with
somatic genomic DNA of the ethylnitrosourea (ENU)-mutated
founder male identified an ENU-induced mutation 9 nt up-
stream of the intron12/exon13 junction (Figure 2H). This T/A
transversion created a new favored splice acceptor site, result-
ing in a 7 nt insertion in the drf mpx messenger RNA (mRNA)
transcript. The consequent frameshift generates a predicted
stop 3 codons later (Figure 2H). The resultant truncation elimi-
nates 101 or 232 residues of the two C-terminal variant zebra-
fish Mpx isoforms, including 41 residues comprising two
a helices of the a-subunit peroxidase domain (pfam03098) [8].
In summary, durif is an mpx mutant based on combined
genetic and functional evidence as follows: tight pedigree
and mapping genetic linkage data; a genomic lesion and cor-
responding aberrantly splicedmpx transcript; greatly reduced
transcript abundance; absent enzymatic activity; phenotype
rescue by mpx-replete neutrophils (see below). It provides
a new animal model of myeloperoxidase deficiency closely
phenocopying the prevalent human disorder and murine
knockout [7, 12, 13, 16, 17]. Importantly, durif offered a unique
experimental opportunity to investigate the consequence of
myeloperoxidase deficiency on H2O2 dynamics following
injury.
The Initial Decline inWoundH2O2 Concentrations Requires
Leukocyte-Delivered Myeloperoxidase
To directly test the hypothesis that neutrophil-delivered Mpx
itself is a regulator of wound-margin [H2O2], we used HyPer-in-
jected Tg(lyz:DsRED2) WT and Mpx-deficient drf embryos,
permitting simultaneous monitoring of both neutrophil arrival
and [H2O2] dynamics in individual embryos. Because leuko-
cytes themselves are required to dampen wound margin
[H2O2] and the number of arriving neutrophils at a wound
varies widely between individuals [11], the experimental anal-
ysis to test this hypothesis compared scans where equivalent
numbers of neutrophils arrived at the wound zone of WT and
drf embryos (Figure S2A).
WT and drf embryos exhibited similar rapid acute increases
in wound margin [H2O2], indicating that initial H2O2 production
is not mpx-dependent. However, wound margin [H2O2]
remained elevated at peak levels for up to R90 min after
wounding in drf embryos, at the time [H2O2] was declining in
comparable WT scans (Figure 3A; Movie S1). This essentially
replicated the scenario in leukocyte-depleted spi1/csf3r
morphants (Figure 1). Overall, [H2O2] profiles were statistically
significantly different between drf and WT (Figure 3A, ii).
Similar statistically-significant genotype-dependent [H2O2]
profile differences were independently observed using a line
scanning confocal microscope, also showing that sustained
high [H2O2] persisted in drf for up to 3 hr after wounding
(Figures S2B and S2C; Movie S2).
This defect in drf was not due to an increased susceptibility
to phototoxicity or a drf-dependent alteration in HyPer emis-
sion performance, because nonwounded drf andWT embryos
maintained uniformly low tissue [H2O2] and showed no differ-
ence (Figure 3A, i).
Myeloperoxidase and H2O2 Interact Directly within
Neutrophils to Downregulate the Wound Zone H2O2
Gradient
For neutrophil Mpx to directly downregulate tissue-generated
H2O2, they must functionally interact at the wound in vivo. We
Figure 2. Myeloperoxidase (mpx) Deficiency in
the Zebrafish Mutant durif (drf)
(A) mpx expression by whole-mount in situ
hybridization (WISH) in WT and drf embryos.
(B and C) Loss of cells carrying Mpx activity in
drf demonstrated by loss of Mpx-dependent
histochemical staining (B) and stable sudano-
philia (C) (arrowheads indicate positive cells
in WT).
(D) Cytospun adult kidney hematopoietic cells,
stained for Mpx by diaminobenzidine (DAB)
histochemistry with May-Grunwald/Giemsa
counterstain. WT but not drf neutrophils
show Mpx staining (black triangles). Providing
negative and positive internal staining con-
trols, both genotypes have Mpx-negative
eosinophils (black arrow) and weak erythrocyte
staining due to the pseudoperoxidase Lepehne
reaction (open triangles). Scale bar represents
10 mm.
(E) Ultrastructure of adult WT and drf neutrophils,
showing normal primary granules. Scale bars
represent left, 2 mm; right, 100 nm.
(F) drf2/2 Tg(mpx:EGFP) hemizygotes have nor-
mal numbers of EGFP-expressing cells (mean 6
SE: WT, 1206 6, n = 16; drf, 116 6 5, n = 15).
(G) Positional cloning placed drf on chromosome
10 within 0.08 cM of RFLP-356k locatedw1.5 kb
30 from thempx gene.
(H) Schematic of the mpx locus (black, exon;
white, UTR; based on GenBank BC068379.1).
Left sequencing chromatograms of comple-
mentary DNA shows the exon 11/12 junction: a 7 nt insertion in drf introduces a premature stop codon (*). Right sequencing chromatograms of genomic
DNA show the drf mutation (red arrow), a T/A transversion 9 nt 50 of the intron 12/exon 13 junction.
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an intraneutrophil Mpx/H2O2 interaction occurred and to
determine its net outcome at a cellular level.
First, to confirm that downregulation of tissue [H2O2] was
cell-autonomous to neutrophils, transplant experiments were
performed. Populating drf embryos with WT neutrophils by
blastula-stage transplantation was sufficient to restore a WT
pattern of tissue [H2O2] downregulation (Figures 3B–3D).
Second, to understand the [H2O2] dynamics within neutro-
phils after injury, we used a new transgenic line driving HyPer
under the control of the lyz promotor. Tg(lyz:HyPer) embryos
revealed that wounding resulted in a gradient of elevated intra-
neutrophil [H2O2] increasing toward the wound, which by
90 min after wounding was restored to uniform levels across
the region as at baseline (Figure 4A; Movie S3).
Third, by omitting the supplementary H2O2 reagent in the
standard Mpx histochemical stain, it was converted to a test
for Mpx consumption of endogenous H2O2. Under these stain-
ing conditions, only neutrophils in the immediate vicinity of
the wound but not those in the caudal hematopoietic tissue
stained histochemically in anMpx-dependentmanner (Figures
4B–4F), confirming that at the wound the [H2O2] was sufficient
for enzymatic interaction with neutrophil Mpx.
Fourthly, to monitor the net outcome of intracellular Mpx/
H2O2 interactions relative to extracellular [H2O2], intraneutro-
phil and tissue [H2O2] were monitored simultaneously in
HyPer-mRNA-injected Tg(lyz:HyPer) embryos (Figures 4G–4I;
Movie S4). Immediately after wounding, during their migra-
tion to the wound edge, most neutrophils initially displayed
higher intracellular [H2O2] than their surrounds. However,
once closer to the wound margin, relative intraneutrophil
[H2O2] levels generally declined toward equilibrium with their
surrounds. Some neutrophils in the vicinity of the woundmargin maintained an intracellular [H2O2] consistently below
that of their surrounds. Such neutrophils, with intracellular
[H2O2] persistently lower than their surrounds, strongly points
to their ongoing intracellular consumption of both endoge-
nously produced H2O2 and readily-diffusible tissue-derived
H2O2.
Finally, that individual neutrophils can be net consumers of
H2O2 is also consistentwith one scan inwhich arrival of a single
neutrophil was sufficient to reduce the local [H2O2] (Figures
S3A–S3C; Movie S5). In this example, the HyPer-monitored
[H2O2] declined regionally as a lyz-DsRED2-marked neutrophil
moved through the dorsal part of the tail wound (such cells
have >90% likelihood of being a strongly mpx-expressing
neutrophil, Figure S3D), but movement of three leukocytes
not expressing the lyz:DsRED2 reporter through the ventral
wound zone did not locally suppress the [H2O2] (these cells
are highly likely to be macrophages, which do not express
the lyz:DsRED2 transgene [18, 19]).
Collectively, we have demonstrated unequivocally that
neutrophils dampen wound [H2O2], by an Mpx-dependent
mechanism. Mechanistic studies document a physiological
interaction between Mpx and the sum of tissue and intracel-
lular-generated H2O2 within wound-edge neutrophils with the
net result that over time neutrophils are H2O2 sumps. Although
some neutrophils are net H2O2 producers and others net
consumers, the overall outcome of WT neutrophil arrival is to
downregulate the wound-related tissue-wide H2O2 gradient
(Figure S3E).
These data contribute to a growing number of diverse
roles for H2O2 andmyeloperoxidase in host defense [20]. First,
this tissue-H2O2/neutrophil-Mpx interaction provides for the
immediate conversion of weakly microbicidal H2O2 into
much more potent antimicrobial halides at the right place
Figure 3. Neutrophil-Delivered Myeloperoxidase Is Required for the Initial
Decline in Wound Margin H2O2 Concentrations
(A) (i) Mean HyPer ratios reflecting the wound zone [H2O2] data for injured
and uninjured drf embryos. Note the sustained, elevated HyPer ratio/
[H2O2] inmpx-deficient drfmutants. These drf data are directly comparable
with data of Figure 1A and share its WT control group. Inset (ii) shows the
individual median HyPer data and p value compared to WT (natural permu-
tation test). The n values are as follows (embryos/independent days/scans):
injured drf, 6/5/6; uninjured drf, 4/1/4. (iii) Representative HyPer heat maps
depicting [H2O2] across the wounded tail fin of anmpx-deficient drf embryo
with overlaid transmission (Trans) and DsRED2 images demonstrating
the proximity of neutrophils to the wound margin. Scale bar represents
200 mm. Stills are from Movie S1 at same time points as in Figure 1B.
(B) (i) Transplantation strategy to generate HyPer-mRNA-loaded, Mpx-
deficient, drf embryos selectively populated with DsRED2-expressing WT
neutrophils. (ii) A successful transplant outcome. Brightfield image of 3
dpf embryo with superimposed green and red fluorescence images,
showing a single residual recipient-derived EGFP-expressing neutrophil
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the tissue-sourced burst of H2O2 provides an inferred wound
margin [H2O2] of 0.5–50 mM [4, 9], which is appropriate for
Mpx to generate reactive halides [3, 7]. Because this does
not require activation of the neutrophil oxidative burst, it
suggests that the dual oxidase-dependent supply of H2O2 to
myeloperoxidase is more important than previously recog-
nized [7]. However, because more severe clinical defects are
seen in patients with NAPDH oxidase subunit defects [21]
than with MPO deficiency, dual oxidase-generated H2O2 is
not sufficient to replace the neutrophil oxidative burst.
Tissue-sourced H2O2 interactions with MPO (as in Figure 3)
may account for the differential vulnerability of chronic granu-
lomatous disease patients to catalase-positive and -negative
bacteria [3].
Second, evidence is accumulating that H2O2 paracrine
signaling and its leuckocyte sensing is a widely deployed,
conserved mechanism from insects to mammals including hu-
mans [5, 22–26]. This new mechanism equips neutrophils with
an inbuilt homeostatic mechanism to downregulate their
earliest chemoattractant (H2O2), aiding resolution of the
inflammatory response. However, the resolution of small focal
H2O2 bursts without neutrophil arrival (Figure S3C) indicates
that other cellular antioxidants also have a role. Once neutro-
phils arrive, other enzymes they deliver could cause both
H2O2 decomposition and production (e.g., phagocyte NADPH
oxidase [NOX2], superoxidase dismutase [SOD]). Although
catalase expression is high in several zebrafish organs, no
catalase expression in leukocytes is evident by in situ hybrid-
ization [27]; hence, it is not a strong candidate for contributing
to leukocyte-dependent H2O2 downregulation. On the other
hand, the similar [H2O2] profiles in leukocyte-depleted and
drf scenarios suggest that dual oxidase-dependent H2O2
production in wounded tissues exceeds the collective seques-
tering capacity of neutrophil and tissue antioxidants and
indicates that the neutrophil oxidative burst makes a minor
contribution to overall wound zone [H2O2] within 3 hr of
wounding. The impact of the sustained high wound zone
[H2O2] in Mpx-deficiency on leukocyte migration and other
leukocyte functions will be of interest [28].
MPO deficiency is the commonest human congenital
neutrophil disorder (incidence 1:2,000) but its impact on
health and disease has been controversial [7, 12, 13]. Although
many MPO-deficient individuals appear phenotypically
normal, some associative studies suggest vulnerability to
various inflammatory and infective disorders, whereas others
have identified protective disease associations [7, 29–32].
Our observations indicate that studies seeking to understand(green arrow) and scattered DsRED2-expressing donor neutrophils (red
arrows).
(C) (i) Mean HyPer ratios reflecting the wound zone [H2O2] profile of drf
embryos carrying WT neutrophils, which arrive (pink) or do not arrive
(orange) at the wound. WT neutrophil arrival recapitulates the WT HyPer
ratio profile; WT cell nonarrival serves as a negative control demonstrating
the sustained [H2O2] elevation of a nonrescued Mpx-deficient drf profile.
Inset (ii) shows the individual median HyPer data. The n values are as follows
(embryos/independent days/scans): WT cells arrived, 3/3/3;WT cell did not
arrive, 3/3/3.
(D) HyPer heat maps depicting [H2O2] across the wounded tail fin of a
transplanted drf embryo with arriving WT cells, demonstrating lower
[H2O2] levels in the tail half whereWT DsRED2-expressing cells arrive. Over-
laid transmission (Trans) and DsRED2 images demonstrate the proximity of
Tg(lyz:DsRED2) neutrophils to the wound margin. Scale bar (applies to all
panels) represents 200 mm.
Figure 4. Myeloperoxidase and H2O2 Interact Directly within Neutrophils at the Wound Zone
(A) HyPer480 images showing neutrophil-specific HyPer expression in Tg(lyz:HyPer) embryos, with HyPer ratio heat maps reflecting the corresponding intra-
neutrophil [H2O2] levels at four time points after wounding. Stills from Movie S3. Corresponding graphs show single neutrophil mean HyPer ratios plotted
against distance from wound for four individual embryos, with individual animal regression lines (individual animals color-coded). The negative gradient at
30–50 min after wounding contrasts with the uniform intraneutrophil [H2O2] levels prior and later, and indicates higher internal [H2O2] within wound-prox-
imate neutrophils at these time points.
(B–F) Demonstration of a direct enzymatic Mpx/H2O2 interaction within the wound zone by histochemical staining for Mpx activity. For each reaction condi-
tion (B–F), the three panels are (i) an overview, (ii) details of cells in the caudal hematopoietic tissue, and (iii) wound zone. Stained cells (white arrows) indicate
Mpx-dependent catalysis of p-phenylenediamine and catechol. When H2O2 is supplied as a reagent, cells stain throughout the embryo (B), but without
Current Biology Vol 22 No 19
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altered H2O2 clearance as an additional potential contributing
factor.
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